The conditions of cathodic charging, gaseous hydrogen environment, and loading for which a TRIP steel mey or may not be susceptible to hydrogen embrittlement were investigated. In the austenitic state, the TRIP steel appeared to be relatively immune to hydrogen embrittlement.
At the outset of this study it was hypothesized that in the austenitic state, TRIP steels should be relatively immtine to H. E.; whereas, after the strain-induced transformation begins, adverse effects might be expected.
Accordingly in this investigation, the following objective was sought: The determination and understanding of the conditions of cathodic charging, gaseous hydrogen environment, and loading for which TRIP steels -2-may or may not be susceptible to H. E. Pursuant to this objective, appropriate experiments were designed and performed using tensile and
. single-edge-notch (SEN} specimens which had been cathodically-charged
with hydrogen or mechanically-tested in pure H 2 .
' : • · ..
A. Material Selection and Preparation
The compositions and processing of the steels tested in this investigation are listed in Table I . The thermomechanical treatment chosen 8 for alloy C was considered to be optimal for this particular TRIP Steel.
As .a check on the H. E. test procedures and for a comparison of H. E.
properties with TRIP steel, alloy 4340, which is a tempered martensitic steel with yield and ultimate tensile strengths approximately equal to alloy C, was also evaluated.
Tensile and SEN specimens were .machined from ro1led sheets of these alloys. Each tensile specimen contained a: gage section 1 in. long, 1/8 in. wide, and 1/10 in. thick. The SEN specimen was 2 in. x 1 in. x 1/10 in. with a side notch 0.27 in. long. The pin holes were located 1/6 in. from the centerline on the notch side, resulting in approximately crack line loading. All specimens were longitudinal, i.e., the long direction of the specimen was parallel to the rolling direction of the material. Prior to hydrogen charging or testing each SEN specimen, a fatigue crack about 0.06 in. long was produced at the root of the notch by cycling the load on a tension-tension fatigue machine between stress intensity levels of 5 to 30 ksi-in.
1 / 2 for about 10,000 cycles.
B. Fracture Mechanics for the SEN Specimen·
For the SEN specimen, the relationship between the stress intensity factor K, the applied load P, and the specimen dimensions has been established by compliance experiments 9 and by mathematical stress 10 analysis procedures.· This expression is: as a relative measure of fracture toughness of a material. As the thickness of a ~racture specimen increases, the value of K approaches cr the lower limiting value, the plane-strain fracture toughness Krc·
Because the material near the sur~ace is nearly in a plane-stress condition whereas the midthickness material is approximated by a planestrain condition, the measured K will be somewhat higher than the cr true K 1 c. However, because the dimensions of all the SEN specimens. The electrolytic cell used to perform all the cathodic charging of specimens in this investigation consisted of a specimen to be charged as the cathode, a platinum anode, and a thermometer all immersed in an electrolyte. The charging temperature was maintained at the arbitrary value of 38°C. The electrolyte was dilute sulfuric acid with or without . . ! . .
~ .
•.
'.· .. ,· -6-the addition of a pois~n, either arsenic or white phosphorus.* The pois.on addition, the concentration of the acid, the current density and the charging time were left as charging variables.
Because the diffUsivity of hydrogen is about four orders of maghft'l,lde less in fcc than in bee stee1, 12 cathodic charging is a poor technique to introduce hydrogen into the austenitic TRIP steels. As will be discussed later, there was evidence that cathodic charging of TRIP steel resulted in a sharp hydrogen concentration gradient with a high concentration at the surface. Moreover, hydrogen analysis using a hot vacuum extraction method failed to indicate any significant increase in the average hydrogen content in TRIP steel due to cathod.ic charging.
Because of these reasons, the major thrust of the investigation was turned away from cathodic charging and directed at testing the specimens in a pure hydrogen atmosphere.
Mechanical testing in H 2 .
Only in the last few years have studies of H; E. using a gaseous . 
D. Mechanical Testing
To be able to compare relative strength levels and ductilities, several alloy specimens were tensile tested on an Instron at room temperature, at a strain rate of 0.04 min-l These properties are shown in Tabl~ II.
Additional tensile tests were performed incorporating various combinations of the following variables: a) severity of cathodic charge, b} testing atmosphere: air or H 2 at various pressures, and c) strain rate. When the yield point on the stress-strain curve was not clearly defined, the stress corresponding to 0.2% offset in strain was reported as the yield stress. The elongation reported throughout this investigation is total elongation within the l in. gage length.
A wide variety of slow-crack-growth tests, both dynamic and static, * psig means gage pressure aboye ambient pressure. ·. cracking at the center may be due to a smaller amount of martensite and/or to a lower level of hydrogen concentration. Charged and uncharged SEN specimens of alloy C were tested in the Instron at various crosshead speeds, as shown in Table III . If H. E.
were occliff:-ing during the test, subcritical slow crack growth would be expected •. '.Hence at slow crosshead speeds, the crack would grow and lower the apparent K which was calculated using the maximum load for cr .
P and the initial crack length for a in Eq.
(1). This initial crack c c length was measured at the midthickness after fracture and included a plastic zone of 0.04 in. However, the results showed no appreciable drop inK for the charged specimens, indicating that no slow crack cr growth due to an embrittling process had occurred. The cathodically charged 4340 specimen failed while in the elastic
-11-region at a stress level about one quarter of the yield strength. This fact added to the negligible elongation and 5% reduction of area demonstrates clearly the effectiveness and severity of the cathodic charging procedure.
To determine whether the cathodic charging procedure produces any permanent structural damage to the specimen, two specimens of alloy C were charged in electrolyte B for 6 1/2 hours at 1.2 amp/in. 2 . Before testing, one specimen was baked 16 hours at 200°C. Then both specimens
were tensile tested at a strain rate of 0.002 min -l.. The unbaked specimen was embrittled after an elongation of 2.5% and R. A. of 20%. Notably different, however, was the baked specimen with the ductility expected of an uncharged specimen: elongation of 42% and R. A. of 38%. Apparently the baking process removed all of the damaging hydrogen. Demonstrated also was that the H. E. was reversible and the charging procedure caused to permanent structur.al damage to the specimen.
D. Tensile Specimens Tested in H 2
Tensile specimens of alloy C were tested in air and in 30 psig H 2 at various strain rates and the resulting ductility and temperature rise due to adiabatic heating are shown in Fig. 2 . When tested at slow strain rates in H 2 , the loss of ductility was quite severe--a loss of elongation of 94% and a loss of R. A. of 57% relative to the same test run in air.
E. SEN Specimens Tested in H 2
Under Dynamic Loading
The conditions and results of testing SEN specimens of alloy C in hydrogen at several strain rates are shown in were measured with the traversing microscope at numerous stress intensity levels and at three different temperatures. These results are plotted in Fig. 3 .
Although the curves for the three temperatures appear to be nearly parallel, the slopes increase slightly as the temperature increases.
At room temperature, the slopes correspond to a relationship of 112 , the value of·Q = 10,100 cal/g-atom will be considered most representative of the activation energy of the slow crack growth of alloy C around room temperature.
The slow crack growth of. one of the alloy C specimens in H 2 was monitored with stress wave emission (SWE) equipment. From the stress wave emitted each time the crack advances, it is determined that the crack growth was discontinuous, separated by short secondary incubation · periods. This discontinuous nature of slow crack growth has also been found in high-strength martensitic steels that were cathodically charged or tested in distilled water. A plausible explanation of the observed differences in.behavior between tensiJe specimens of TRIP steel and tempered martensite is based upon the fact that the hydrogen diffusivity in fcc is about four orders of magnitude slower than that in bee. During cathodic charging of the austenitic TRIP steel, only the surface layer builds upon hydrogen.
Hence, when a.'' starts to form during the tensile test, only the a.' in the surface layer becomes embrittled. This embrittlement is first evidenced by microcracks forming at the embrittled a.' plates followed by the coalescence of these microcracks into a macrocrack, thus resulting in slow crack growth from the surface inward. If the a.' below the surface contains an insufficient hydrogen concentration, the cracking will stop, leaving cracks only in the surface layer. In TRIP steel tensile specimens if the cathbdic charge is severe enough, slow crack growth will progress far enough as to appreciably reduce the effective load carrying cross sectional area. This causes a higher stress on the remaining material resulting in a premature but ductile failure which precludes much of the usual elongation derived from the TRIP process. Table IV is not surprising.
Specimens tested in H 2 adsorb hydrogen onto their surfaces followed by at least sortie degree of short range diffusion inward. Oriani 13 suggests that the adsorption of hydrogen upon a clean metal surface results in a full monolayer of atomic hydrogen on the surface and that the concentration of hydrogen drops off sharply in distance inward from the surface. If the time involved, hydrogen diffusivity, and · driving force (concentration and/or stress gradients) are greater enough, long range diffusion may be considerable. But because of the relatively low hydrogen diffusivi ty in austenite, it is quite probable that for TRIP steel specimens in H 2 only the material very near the surface would contain relatively high concentrations of hydrogen. As with the· cathodically charged specimen when the a.' begins to form during the tensile.
test, only the a' near the surface is embrittled. Thus, one would expect and indeed finds that the resulting properties of this specitnen are similar to those of a specimen that had been cathodically charged.
Comparison of the fracture surfaces of TRIP steel tensile specimens representing both modes of hydrogen entry verifies that in each case slow crack growth originated at the surface. A tentative explanation is now offered as to why the cathodically charged TRIP steel SENspecimens failed to exhibit significant slow crack growth as was exhibited by the SEN specimens tested in H 2 .
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., Table II Considering the fracture ductility, the value for the TRIP steel in Table IV is seen to be similar to the 4340 steel when tested in H 2 .
The appropriate value is the true fracture strain at the tip of the crack. Depending on the degree of plane strain conditions, this value can be about 1/3 to 1/2 of the tensile situation, or in the case of the 15 psig test, would range from 0.095 to 0.14. That is, 
With respect to hydrogen diffusivity, the value of D as taken from
observations in a totally martensitic structure might be high for an austenite-martensite mixture unless the strain-induced martensite These results added with the activation energy obtained in this study suggest that a bulk transport mechanism might be controlling in the case of gaseous hydrogen embrittlement, at least in metastable austenitic steels. ......
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